Measurement and Verification (M&V) is a critical element of an Energy Savings Performance Contract (ESPC) -without M&V, there is no way to confirm that the projected savings in an ESPC are in fact being realized. For any given energy conservation measure in an ESPC, there are usually several M&V choices, which will vary in terms of measurement uncertainty, cost, and technical feasibility. Typically, M&V decisions are made almost solely based on engineering judgment and experience, with little, if any, quantitative uncertainty analysis (QUA). This paper describes the results of a pilot project initiated by the Department of Energy's Federal Energy Management Program to explore the use of Monte-Carlo simulation to assess savings uncertainty and thereby augment the M&V decision-making process in ESPCs. The intent was to use QUA selectively in combination with heuristic knowledge, in order to obtain quantitative estimates of the savings uncertainty without the burden of a comprehensive "bottoms-up" QUA.
Introduction
Energy Savings Performance Contracts (ESPC) are a flexible and effective tool to finance energy efficiency projects . While they specify general terms and conditions for the contract between the customer and the energy services company (ESCO), the contract leaves broad latitude to customize specifics such as measurement and verification (M&V) requirements.
M&V is a critical element of an ESPC -without M&V, there is no way to confirm that the projected savings are in fact being realized. Every ESPC under the Federal Energy Management Program (FEMP) is required to have an M&V plan, which describes how the savings will be verified for each measure, and includes details on the parameters that will be measured, how they will be measured, etc. For any given measure, there are usually several M&V choices, which will vary in terms of measurement uncertainty, cost, and technical feasibility. At one end of the spectrum, the M&V plan may simply state that most of the parameters that affect a savings estimate be stipulated for the length of the contract, with as little as only one parameter of the savings estimate being measured. At the other end of the spectrum, M&V may involve detailed long-term measurements of most parameters. Typically, there is a tradeoff between measurement uncertainty and cost e.g. a savings calculation method that requires spot measurements will typically cost less than one that requires continuous long-term measurements, but will result in greater uncertainty in the expected savings. FEMP has developed several tools to aid the M&V decision-making process for ESPCs [FEMP 2004 ]. These include the M&V guidelines, which are based on the International Measurement and Verification Protocol [IPMVP 2001] , the Risk/Responsibility Matrix and the M&V decision support flow chart. These tools mostly provide qualitative guidance, and advocate the use of Quantitative Uncertainty Analysis (QUA) to augment the qualitative guidance. ASHRAE Guideline 14 Annex B [ASHRAE 2002] provides some information and guidance on how to conduct uncertainty analysis for energy savings. As noted in the standard, "[a] proper uncertainty analysis can be very complex and cumbersome especially if the potential user strives to be very meticulous." In practice, QUA is seen as just too complicated and cumbersome, and its use in ESPCs has been minimal. (For some examples on how QUA has been used in ESPCs, see Reddy et al. 1999 and Mathew et al. 2005) This paper describes a pilot project initiated by FEMP to explore the use of Monte-Carlo simulation to assess savings uncertainty and thereby augment the M&V decision-making process. Monte-Carlo simulation is a flexible QUA technique that has been widely used for risk analysis in various domains. The intent here is to use QUA selectively in combination with heuristic knowledge, in order to obtain quantitative estimates of the savings uncertainty without the burden of a comprehensive "bottoms-up" QUA.
Savings uncertainty vs. M&V cost tradeoff
Figure 1 uses a hypothetical example to illustrate how QUA can be used to assess the tradeoff between annual savings uncertainty and annual M&V cost for alternative M&V plans for a chiller upgrade project: •
In option CH-A-01, all parameters are stipulated, resulting in almost no M&V cost, and an uncertainty of about $30,000.
•
In option CH-A-02, the uncertainty is just under $20,000, for an M&V cost of $10,000.
In option CH-B-02, the uncertainty is significantly reduced to about $5000, for the same M&V cost. Note that in all cases, the expected savings is the same. It is the uncertainty that varies. Option CH-B-02 is superior to option CH-A-02, because it has lower savings uncertainty for the same M&V cost. Therefore, the choice is essentially between CH-A-01 and CH-B-02. It is important to note that neither of these two choices is inherently superior to the other. The optimal choice for any given context is a function of risk tolerance i.e. is it worth paying $10000 in M&V costs to reduce the savings uncertainty by $25,000? To properly answer that question it is helpful to know the probability that uncertainty will be below a risk threshold e.g. what is the probability that the savings shortfall will be more than $15,000? Or $20,000? QUA can be used to provide this information. Figure 1 . Tradeoff between annual savings uncertainty and annual M&V cost for different M&V plans for a hypothetical chiller retrofit.
Uncertainty analysis using Monte-Carlo Simulation
Although a fuller description of Monte-Carlo simulation is beyond the scope of this paper, a brief description is provided below.
Consider a lighting retrofit project in which the lighting energy savings is calculated from the following inputs: total wattage before retrofit (kWpre), total wattage after retrofit (kWpost), and operation hours (hrs). Each of these first-order inputs is in turn determined from second-order inputs. For example, total kWpre is determined from the number and wattage of each fixture type. Typically, point estimates of the inputs are used to calculate the savings. In reality, however, there is uncertainty associated with each input.
In Monte-Carlo simulation, the user applies probability distributions to one or more inputs, reflecting the uncertainty of that input (see figure 2 ). For example, the probability distribution of kWpre indicates that the estimate of 1800kW varies from 1710kW to 1890kW, with a triangular distribution. Probability can similarly be applied to other input parameters. The user then runs the simulation, which yields the probability distribution of energy savings, which in essence describes the savings uncertainty.
QUA with Monte-Carlo simulation can be as simple or complex as the user wants it to be. For example a "bottoms-up" fine-grained approach would involve applying probability distributions to all first and second order inputs in order to capture the full range of the uncertainty (e.g. wattages, fixture counts, operating hours, measurement precision, etc.). At the other end of the spectrum, probability distributions may be applied to just a few first order inputs, in order to capture the uncertainty resulting from those few inputs (e.g. inputs that the ESCO controls and is responsible for). Another aspect is the source of the input probability distributions. These could be derived from empirical data, standard statistical formulae, or may be simply based on engineering expertise. Thus, the analysis is flexible in two ways -with regard to which inputs probability distributions are applied to, and with regard to the source for the probability distributions.
In this project, the Monte-Carlo analysis was done using CrystalBall™, which is available as an "add-in" for Excel™. Since many savings calculations are done in Excel™, it is relatively easy to do the Monte-Carlo simulation -it essentially involves adding probability distributions to the input cells (e.g. kWpre) and defining the output cell (e.g. $ savings) for which the uncertainty is information is desired. While the theoretical basis for QUA is well established and widely used in other domains [Morgan and Henrion 1990] , the primary objective of this pilot project was to assess the practical implications of applying QUA. The QUA project team sought FEMP ESPC projects that: a) were in the initial stages and in which M&V decisions were not yet made; b) had multiple energysavings measures involving several M&V choices; and c) had a project facilitator, agency and ESCO that were willing to apply QUA to their ESPC.
The case study described below was for an ESPC at a major federal agency, which included lighting, HVAC, and some cost-avoidance energy conservation measures (ECMs). Table 1 summarizes the ECMs and some basic financial parameters. QUA was done for each of these ECMs, as well as for the project as a whole. For the individual ECMs, the analysis was done at varying levels of granularity, depending on the size of the ECMfor larger ECMs, the analysis was more fine grained i.e. probability distributions were applied to more inputs.
The following sections describe the uncertainty analysis for the lighting and steam trap ECMs, as well as the portfolio level uncertainty analysis.
Lighting retrofit analysis
The preliminary lighting M&V plan called for:
•
Measuring the wattage of a sample of the existing lighting fixtures (kWpre). The sampling plan attempted to achieve an overall certainty factor of 80% with a precision of 20% i.e. 80% of the time, the wattage used in the savings calculations will be within 20% of the measured wattage.
•
Measuring the wattage of new fixtures (kWpost), guaranteeing that they will be within 5% of the wattage used in savings calculations.
Stipulating the hours of operation (hrs). The analysis assumed an uncertainty of +/-20% on operation hours, which is a reasonable estimate based on evidence from similar lighting retrofit projects. Figure 3 shows the results of a Monte-Carlo simulation on the gross savings (estimated at $95,785), using the above uncertainty data for kWpre, kWpost, and hrs. 1 The data show that there is a 90% confidence that the savings will be between $64,620 and $128,964 i.e. there is a 5% chance that the savings will be below $64,620 and a 5% chance that it will be above $128,964. Given the estimate of $95,785, this means that there is a 5% chance that the savings shortfall could be greater than $31,165 (i.e. $95,785-$64,620). Note that any energy conservation measure will always have some risk of a savings shortfall. QUA essentially helps to better understand the probability of different levels of savings shortfall.
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Certainty As a test, an alternative scenario was run, in which all pre-installation fixtures were measured, resulting in a 100% certainty that kWpre will be within 5% of the average. The results of this scenario are shown in figure 4 . This shows that the range of uncertainty for the 90% confidence interval is now $70,543 to $ 120,627. Given the estimate of $95,785, there is a 5% chance that the savings shortfall will be greater than $25,242. This is about $6000 less than the risk with the current M&V plan. This difference is clearly too small to justify the cost of measuring all preinstallation fixtures, thus validating the current M&V plan.
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Steam trap replacement
The key parameters that affect energy savings from steam trap replacements include: number of failed traps, operating hours, steam pressure, and steam flow rate through failed and leaking traps. The uncertainty analysis applied uncertainty distributions to the following parameters:
• Number of failed and leaking traps: the sample size (86 out of 1243 total traps) was used to calculate a population variance, from which a distribution was derived.
•
Orifice factor -a variance was applied based on engineering judgment.
There was no uncertainty applied to operation hours, because the steam system operation hours are controlled by the facility (i.e. unlike lighting operating hours, they are not occupant driven). Figure 4 shows the resulting savings uncertainty distribution. The first point to note is that in this particular case, the estimate ($122,318) is much lower than the average ($158,000). This is because the ESCO used lower (i.e. more conservative) failure and leakage rates than the sample results. The sample indicated 15% failed traps and 21% leaking traps. However, the ESCO "discounted" these percentages for the savings and assumed 12.5% for both failed traps and leaking traps in order to be more conservative. The lower end of the 90% confidence interval is $110,187, which is $12,131 below the estimate.
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. Figure 5 shows the uncertainty distribution if the sample size is doubled to 170 traps. In this case, the lower end of the 90% confidence interval is actually higher than the estimate. This suggests that the ESCO estimate may have been more conservative than necessary in discounting the savings estimate and may be "leaving money on the table". One of the advantages of QUA is that probability distributions can be used to get a better picture of the uncertainty and make a more informed decision about how much to discount savings in such situations. 

Impact of portfolio effect in risk diversification
Besides analysis of the uncertainty for individual measures, QUA is also useful for assessing the impact of the portfolio effect in reducing overall savings uncertainty. Many agencies are primarily interested in the savings uncertainty for the whole portfolio of measures, rather than the individual measures. The simple arithmetic sum of the savings shortfall at the 90% confidence level for each of the individual measures results in a total of about $60,000. However, this is a misleading metric, because it does not take into account the risk diversification among measures i.e. a shortfall in one measure may be compensated for by greater than expected savings in another measure (assuming the savings are not correlated). QUA can be used to model the effect of risk diversification. Figure 6 shows the savings uncertainty for the whole portfolio, which indicates that there is a 5% chance that the portfolio net savings will be less than $802,528. Given the portfolio net savings estimate of $825,816, this translates into a 5% chance that the savings shortfall for the portfolio will be greater than $23,288 (which is less than half the arithmetic sum of the savings shortfall for the individual measures). This is fairly low relative to the portfolio net savings. However, it should be noted that this analysis assumed no uncertainty (no risk) for the cost-avoidance measures (ECMs C1-3), because budgets for avoided cost are stipulated and funded regardless variation in the avoided cost. In effect, the risk from lighting and HVAC ECMs has been hedged by the lack of risk in the cost-avoidance ECMs. Any change in this assumption would alter the above scenario 2 . 
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Conclusion
QUA can help the M&V decision-making process by providing quantitative uncertainty information for individual measures as well as the whole portfolio. QUA can be seamlessly integrated into the ESPC development process and the incremental effort is relatively small with user-friendly tools that are commercially available. The input data requirements for QUA are flexible, and can be based on empirical or theoretical data, as well as engineering judgment. Furthermore, uncertainty information does not have to be applied to all input parameters, which would be a daunting task. Rather, engineering judgment can be used to determine which parameters are most appropriate to apply uncertainty information to, taking into account factors such as relative impact on savings etc.
The application of QUA, like any analysis tool, is both an art and a science. It is therefore important to note that QUA, like any analysis tool, can be misapplied or even abused. While this paper suggests that QUA is valuable for M&V decision-making, it is not by any means a silver bullet that obviates the need for proper contracting and mutual understanding on M&V issues between the customer and the ESCO.
As the case study illustrated, in some cases the QUA simply confirms intuitive or qualitative information, while in other cases, it provides insight that suggests revisiting the M&V plan. Furthermore, the case study showed that M&V requirements should be informed by the portfolio risk diversification.
Additional case studies are required to better understand and document the optimal mix of QUA and heuristic knowledge in ESPC decision-making. The purpose of QUA is not to deterministically derive M&V requirements. Ultimately, such requirements are a business decision, based on risk analysis and a variety of other factors. QUA simply deepens the information base from which to make those business decisions. The data from QUA can also improve the financial analysis of the ESPC, in that it provides uncertainty data instead of just point estimates. Indeed, uncertainty analysis is critical to bridging the gap between technical and financial analysis in ESPCs [Mills, et al. 2005] .
Probabilities direct the conduct of the wise man -Cicero 
